Thyroid hormones (THs) induce metamorphosis in amphibians, causing dynamic changes, whereas mammalian newborns undergo environmental transition from placenta to open air at birth. The similarity between amphibian metamorphosis and the mammalian perinatal periods has been repeatedly discussed. However, a corresponding developmental gene expression analysis has not yet been reported. In this study, we examined the developmental gene expression profiles in the brain and liver of Xenopus tropicalis during metamorphosis climax and compared them to the respective gene expression profiles of newborn rodents. Many upregulated genes identified in the tadpole brain during metamorphosis are also upregulated in the rodent brain during the first three postnatal weeks when the TH surge occurs. The upregulation of some genes in the brain was inhibited in thyroid hormone receptor α (TRα) knockout tadpoles but not in TRβ-knockout tadpoles, implying that brain metamorphosis is mainly mediated by TRα. The expression of some genes was also increased in the liver during metamorphosis climax. Our data suggest that the rodent brain undergoes TH-dependent remodeling during the first three postnatal weeks as observed in X. tropicalis during the larva-to-adult metamorphosis.
| INTRODUCTION
Anuran tadpoles undergo drastic morphological and physiological changes during the transition from aquatic to terrestrial life in metamorphosis, and thyroid hormones (THs) regulate their developmental remodeling (Gudernatsch, 1912) . In Xenopus laevis, the blood level of thyroxine (T4), a low-activity thyroid hormone precursor, increases gradually during prometamorphosis, namely, Nieuwkoop and Faber (NF) stages 54-57 (Nieuwkoop & Faber, 1956 ). Additionally, the blood level of 3,5,3'-triiodothyronine (T3), a highly active TH derived from T4, abruptly rises at NF stage 58, the beginning of metamorphosis climax. The peak levels of T3 and T4 are attained at NF stages 61-62, followed by a decrease (Leloup & Buscaglia, 1977) . THs trigger and regulate differentiation during the systematic transformation from a larva to an adult (skin, intestine, pancreas, liver and brain), resorption of larval organs (a tail and gills), and development of adult organs (hindlimbs and forelimbs) by binding to a heterodimeric receptor composed of the thyroid hormone receptor (TR) and 9-cis-retinoic acid receptor. Two TR subtypes, TRα and TRβ, are conserved in vertebrates from fish to human. Tail regression, head narrowing by gill absorption, and shortening of olfactory nerves are delayed in TRβ-knockout tadpoles, but not in TRα-knockout tadpoles (Nakajima, Tazawa, & Yaoita, 2018) . In TRα-knockout tadpoles, the precocious development of hindlimbs is observed before NF stage 54 when THs are barely detectable (Choi et al., 2015; Nakajima et al., 2018; Wen & Shi, 2015) .
The mammalian perinatal period is suggested to correspond to anuran metamorphosis, which is supported by the following observations: (a) transition from amniotic or aquatic to terrestrial life, (b) surge of THs in blood, (c) limb elongation (bone development), (d) skin keratinization, (e) hemoglobin switch from fetal or larval to adult type, (f) production of albumin and urea cycle enzymes in the liver
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YAOITA And nAKAJIMA and (g) developmental progression and restructuring of the nervous system (Tata, 1993) . Although this concept is supported in several reviews (Holzer & Laudet, 2013; Nakajima, Fujimoto, & Yaoita, 2005) , this similarity has not been experimentally verified.
Anurans and rodents, such as mice and rats, undergo the transition from aquatic and amniotic to terrestrial life, respectively, when the surge in TH levels occurs. In mice, the levels of circulating T3 and T4 are relatively low at birth; they increase between postnatal day P4 and P6, peak on P15, and decrease to approximately half-maximal levels on P21 (Hadj-Sahraoui, Seugnet, Ghorbel, & Demeneix, 2000) . These changes of T3 and T4 levels are similar to those during rat development (Schmitt & McDonough, 1988) . These studies suggest that the first three postnatal weeks in rodents correspond to metamorphosis climax (NF stages 58-66) in X. laevis. The general skeleton morphology is not affected in TRα-knockout mice, but the development of long bones is delayed and their ossification is impaired (Fraichard et al., 1997) .
The skin of newborn mice has the basic structure of adulttype epidermis from the basal to cornified cell layer that corresponds to the skin of X. laevis froglets after metamorphosis (Yoshizato, 2007) . Thus, in contrast to frogs, THs are not necessary for skin restructuring and keratinization in mice. In human, around 120 days before birth, skin cornification begins and the epidermis develops characteristic adult-type morphology (Holbrook & Odland, 1975) .
The developmental hemoglobin switch is well conserved from fish to human (Baglioni, Ingram, & Sullivan, 1961; Ganis et al., 2012) . Although the larval-to-adult hemoglobin conversion happens during metamorphosis climax in X. laevis (Tamori & Wakahara, 2000) , the fetal-to-adult hemoglobin switch occurs in mice during embryonic days (E) 11-14 before the birth (Whitelaw, Tsai, Hogben, & Orkin, 1990) , indicating that high TH levels are not required for the hemoglobin switch in mice.
Many developmental changes in the anuran central and peripheral nervous systems have been reported. The larvalspecific neural circuits disappear during metamorphosis, whereas the adult-specific neurons emerge (Denver, 1998) . Many reorganizations in the rodent nervous system during the postnatal period are also regulated by THs (Kress, Samarut, & Plateroti, 2009; Patel, Landers, Li, Mortimer, & Richard, 2011) . However, comparative studies of typical developmental changes in the anuran and rodent nervous systems have not yet been conducted, especially at the gene expression level.
In this study, we examined the developmental gene expression in tadpole brain and liver and evaluated the effect of TRα or TRβ gene ablation on the metamorphosis of the Xenopus tropicalis brain. A comparison of the gene expression profiles between the rodent and X. tropicalis brains suggests that the rodent brain undergoes TH-dependent metamorphosis during the first 3 weeks after birth as observed in X. tropicalis during the metamorphosis climax. 
YAOITA And nAKAJIMA by analyzing the expression of X. tropicalis brain genes. Scientific data on the expression of rodent brain genes are widely available. In mice and rats, a TH surge occurs during the first three postnatal weeks (Hadj-Sahraoui et al., 2000; Schmitt & McDonough, 1988) , which could correspond to the anuran metamorphosis climax.
We searched for neural tissue-related genes that are upregulated during metamorphosis climax in X. tropicalis. RNAseq analysis was carried out using RNA preparations from six brains of NF stage 56 tadpoles before metamorphosis climax, five brains of NF stage 61 tadpoles with peak plasma TH concentration and three brains of adult frogs (unpublished observation; Table 1 The postnatal transition of neuronal GABA from an excitatory to inhibitory effect on neurotransmission is known as the GABA switch. Developmental upregulation of KCC2 mRNA promotes the switch from excitatory to inhibitory GABA activity. The KCC2 gene encodes the Cl --extruding K + -Cl -cotransporter (Rivera et al., 1999) . KCC2 expression, which is barely detectable in the rat brain at P0, increases during the first three postnatal weeks (Clayton, Owens, Wolff, & Smith, 1998) . Thus, we included the KCC2 gene in our gene expression analysis. The synapse plays a pivotal role in chemical and electrical signal transmission from one neuron to another to maintain the functions of the nervous system including learning, memory and locomotion. The developmental levels of synapse-related proteins in the mouse brain have been reported (Shiotani et al., 2017) , including several proteins that peak at P14 when TH levels are at their maximum. qRT-PCR analysis was conducted to examine the developmental expression profiles of five synapse-related genes, necl-1, .
The comparison of the gene expression levels between NF stages 56 and 61 by qRT-PCR showed a significant upregulation of the corresponding mRNAs (Figures 1 and 2) . The -ATPase γ and nectin-3 genes. In contrast, gene expression was unaltered in the TRβ-knockout brains, indicating that TRα plays a dominant role in regulating the expression of these genes in the brain in response to THs (Figure 3) . Similar results for the expression of other genes are presented in Supporting Information Figure S1 . The expression level of N-cadherin mRNA was not affected in TRα-and TRβ-knockouts.
F I G U R E 3
Expression of neural tissue-related and synapse-related genes in the brain of NF stage 61 wild-type and TR-knockout tadpoles.
Total cellular RNA was extracted from brains of NF stage 61 wild-type, TRα-knockout, and TRβ-knockout tadpoles, and qRT-PCR was conducted using gene-specific primers (Supporting Information Table S2 ). The relative mRNA expression level of the indicated gene to EF-1α mRNA is presented. Data are expressed as mean ± SD. Biological replicate numbers of wild-type, TRα-knockout, and TRβ-knockout brain samples are five, five, and four, respectively. Statistical significance by comparison of TRα-knockout tadpoles with wild-type and TRβ-knockout tadpoles were assessed using the Tukey's test. *p < 0.05, **p < 0.01 
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The synthesis of albumin and urea cycle enzymes in the liver increases during the perinatal period in mammalians. Urea cycle reactions are catalyzed by arginase, argininosuccinate synthetase (ASS), carbamyl phosphate synthetase (CPS) and ornithine transcarbamylase (OTC). qRT-PCR was carried out to analyze the developmental expression of albumin and urea cycle enzyme mRNAs in X. tropicalis liver (Figure 4) . The expression of albumin and OTC mRNAs did not show a clear peak during climax. The expression of ASS and arginase mRNA increased at the late phase of climax, whereas CPS expression was strongly induced at NF stages 61-66.
Because TRβ is a TH-responsive gene, its mRNA level is an indicator of TH levels and TH response in organs of interest (Yaoita & Brown, 1990 ). The developmental expression of TRα and TRβ genes was examined in the brain and liver of X. tropicalis ( Figure 5) . The TRα mRNA level was relatively unaltered during climax in the brain, whereas the TRβ mRNA level peaked at NF stage 61 and then decreased by one-third, suggesting that the brain responded to THs from NF stage 61 to adult. TRβ mRNA was expressed in the adult frog brain at a level similar to that at NF stages 63-66, which implies that levels of circulating THs in adult frogs were as high as during the late phase of the climax. This observation is supported by the TH levels in X. tropicalis adult frogs, which are comparable to those in X. laevis tadpoles with a regressing tail in the late phase of the climax (Nakai, Nakajima, & Yaoita, 2017) .
In our study, the liver analysis did not show drastic changes in albumin and OTC gene expression during climax, and the relative quantity of TRβ mRNA to EF1-α mRNA in the liver was less than one-tenth of that in the brain. However, the expression of TRβ mRNA in liver appeared to have a peak at NF stage 61 that continued to the adult stage, suggesting that the liver responded to THs during the climax and in the adult as observed in brain.
F I G U R E 4
Developmental expression of albumin and urea cycle enzyme genes in liver of X. tropicalis. qRT-PCR was conducted using total cellular liver RNA and gene-specific primers (Supporting Information Table S2 
| DISCUSSION
We investigated the expression of neural tissue-related and synapse-related genes in the brain as well as albumin and urea cycle enzyme genes in the liver during metamorphosis climax to evaluate developmental changes in gene expression quantitatively and to compare the developmental gene expression profiles between X. tropicalis and rodent. The expression of many upregulated genes in the brain of X. tropicalis during metamorphosis climax is similar to that in the rodent brain during the first three postnatal weeks, which implies a TH-dependent metamorphosis of the rodent brain.
The upregulation of gene expression was observed during metamorphosis climax in all eleven genes identified by RNA-seq, the KCC2 gene and the five synapse-related genes. The upregulation of mRNA during the first three postnatal weeks in rats and mice is reported for eight out of eleven genes chosen by RNA-seq, astroglial K + channel (Seifert et al., 2009) , myelin-associated glycoprotein (Rodriguez-Peña, Ibarrola, Iñiguez, Muñoz, & Bernal, 1993) , myelin basic protein (Ibarrola & Rodríguez-Peña, 1997) , Na
and β (sodium pump) (Orlowski & Lingrel, 1988) , neurofilament light and medium (Julien, Meyer, Flavell, Hurst, & Grosveld, 1986) and synaptotagmin II (Xi, Chin, & Gainer, 1999) . In addition, Na + channel β-4 subunit and unphosphorylated tubulin β 3 class III proteins increase in the mouse brain during the postnatal and perinatal period, respectively (Fanarraga, L., Avila, J., & Zabala, J.C., 1999; Zhou, Zhang, Liu, Zhang, & Jiao, 2012) . KCC2 mRNA and five synapse-related proteins are upregulated in the postnatal period (Clayton et al., 1998; Shiotani et al., 2017) , and we showed their developmental regulation in the Xenopus tadpole brain during metamorphosis climax. The reduced expression level in the brain of hypothyroid rodents and the accumulation of mRNA stimulated by THs have been demonstrated for myelin-associated glycoprotein (Rodriguez-Peña et al., 1993) , myelin basic protein (Ibarrola & Rodríguez-Peña, 1997) , Na (Chaudhury, Bajpai, & Bhattacharya, 1996) and neurofilament light and medium genes (Ghosh, Rahaman, & Sarkar, 1999) . Expression levels of astroglial K + channel and PSD-95 mRNAs are decreased in hypothyroid animals (Dong et al., 2013; Gil-Ibañez, Morte, & Bernal, 2013) . Furthermore, the functional TH response element is in the promoter of the mouse myelin basic protein and myelinassociated glycoprotein genes (Dong et al., 2009; Farsetti, Desvergne, Hallenbeck, Robbins, & Nikodem, 1992) . These reports indicate that many of the upregulated genes in the X. tropicalis brain during the climax are similarly regulated by THs in the rodent brain during the postnatal period.
F I G U R E 5 Developmental expression
of TRα and TRβ genes in the brain and liver of X. tropicalis. qRT-PCR was conducted using total cellular brain and liver RNAs and gene-specific primers (Supporting Information Table S2 Genes to Cells
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We found that the upregulation of some brain genes was repressed at NF stage 61 in TRα-knockout tadpoles, but not in TRβ-knockouts. The expression of astroglial K + channel and neurofilament medium mRNAs is hindered in the TRα1-knockout mouse brain, but not in the TRβ-knockout (Gil-Ibañez et al., 2013) . The same regulation was observed for the X. tropicalis astroglial K + channel and neurofilament medium gene expression (Figure 3 ; Supporting Information Figure S1 ). The impaired expression of TH-responsive genes in the TRα-knockout may be explained partially by the dominant expression of TRα protein in the rat brain (Schwartz, Strait, Ling, & Oppenheimer, 1992 ) and the expression of TRα mRNA in virtually all cells of the Xenopus brain in contrast to the TH-dependent expression of TRβ protein outside of neurogenic zones (Denver, Hu, Scanlan, & Furlow, 2009 ). The attenuated expression of some genes at NF stage 61 in TRα-knockout tadpoles indicates that their upregulation is induced by TH-signaling through TRα in X. tropicalis. The expression of albumin mRNA in the X. tropicalis tadpole liver before NF stage 58 was significantly higher than the expression of EF1-α mRNA, as reported for X. laevis (Moskaitis, Sargent, Smith, Pastori, & Schoenberg, 1989) . The level decreased during climax and increased fourfold in the adult frog livers as compared to that of NF stage 56 tadpole livers. In contrast, the albumin mRNA level increases during the first postnatal week and peaks during the second week in rat livers (de Groot et al., 1986) . The mRNA expression of one of the urea cycle enzymes, OTC, did not steadily increase in tadpole livers during climax; however, it is known to rise in rat livers during the first postnatal week (Ryall, Quantz, & Shore, 1986) . The upregulation of CPS and ASS mRNAs was observed in tadpole livers during climax, which is also reported for the same genes during the first three postnatal weeks of rats (Adcock & O'Brien, 1984; de Groot et al., 1986; Ryall et al., 1986) . As the increase of TRβ mRNA expression indicated a response of the tadpole liver to TH and some of the urea cycle enzyme genes were activated during climax, the Xenopus liver might undergo metamorphosis, but not as comprehensively as the brain. This might be ascribed to the aquatic life of Xenopus frogs, because ammonia is predominated in the post-metamorphic excretion of aquatic frogs such as X. laevis (Munro, 1953) . The upregulation of OTC mRNA is reported in tadpole livers of Rana catesbeiana (Helbing, Gergely, & Atkinson, 1992) , which adapts to a terrestrial life in adult. Furthermore, the increase of expression level of albumin, arginase and CPS mRNAs was observed in addition to OTC mRNA in NF stage 63 tadpole liver of R. catesbeiana compared to NF stage 56 liver (Supporting Information Figure S2 ). These findings show that terrestrial frogs adopt urea cycle to excrete nitrogen after metamorphosis as seen in mammalian newborns.
Our study shows that the X. tropicalis brain increased the expression levels of myelination, sodium pump, ion channel, neurofilament and synapse-related genes during metamorphosis climax. Myelination is needed for the efficient and rapid propagation of action potentials. Sodium pumps generate the electrochemical Na + and K + gradients across the plasma membrane to maintain the resting membrane potential. The Na + channel β-4 subunit is important for highfrequency firing (Grieco, Malhotra, Chen, Isom, & Raman, 2005) , whereas astroglial K + channel helps to remove or reduce the extracellular K + efflux from the depolarized neurons nearby, which influences neuronal excitability (Butt & Kalsi, 2006) . The upregulation of these molecules in tadpole brain could facilitate fast and frequent signal transduction, quick recovery after excitation, and restructuring to form the complicated neural circuit network including numerous synapses between excitatory and inhibitory neurons during the climax of TH-dependent metamorphosis to adapt to the terrestrial and carnivorous life. Similar events might occur in the rodent brain during the first three postnatal weeks specifically employing the same developmental gene expression profiles. On the other hand, the expression pattern of the albumin and urea cycle enzyme genes was not very impressive in the X. tropicalis liver during climax, although some enzyme mRNAs were upregulated. Although the evidence exists that even mild hypothyroidism may result in neurological abnormalities during fetal development, the molecular mechanism by which THs affect the fetal neurological structure remains poorly understood (Patel et al., 2011) . Our data indicate the similarity of the gene expression patterns between the X. tropicalis brain during metamorphosis climax and the rodent brain during the first three postnatal weeks (Kress et al., 2009) , suggesting a TH-dependent metamorphosis of the rodent brain after birth. It is possible that the fundamental molecular mechanism of the reorganization of the rodent brain in the perinatal period is conserved in the X. tropicalis tadpole brain around metamorphosis climax. The Xenopus tadpole is a robust system for genetic manipulation and analysis. It is feasible to analyze and manipulate the Xenopus tadpole brain by directly introducing exogenous DNA into the brain (Coen, Blay, Rowe, & Demeneix, 2007) . We hope that our study will help pave the way for using the X. tropicalis tadpole brain in future studies as a model for the perinatal development in both the rodent and human brain.
| EXPERIMENTAL PROCEDURES
| Animals
The Ivory Coast line of X. tropicalis was provided by Amphibian Research Center (Hiroshima University) through the National Bio-Resource Project of the MEXT, Japan. Tadpoles were staged according to the Nieuwkoop and Faber | Genes to Cells YAOITA And nAKAJIMA method (Nieuwkoop & Faber, 1956 ). Tadpoles and frogs were reared at 26-28 and 24°C, respectively. The genotypes of TR-knockout tadpoles used in this study are shown in Supporting Information Table S1 (Nakajima et al., 2018) . All animals were maintained and used in accordance with the guidelines established by Hiroshima University for the care and use of experimental animals.
| qRT-PCR
Total RNA was purified from brains or a liver using Directzol RNA MicroPrep (ZYMO RESEARCH) and the SV Total RNA Isolation System kit (Promega, Fitchburg, Wisconsin, USA), which include a DNase I treatment step. The total RNA was denatured at 65°C for 5 min and reverse transcribed using the ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan) according to the manufacturer's instruction. The products were diluted with water more than fivefold and 2 μl was subjected to qRT-PCR using a THUNDERBIRD SYBR qPCR Mix (TOYOBO) in 20 μl reaction solution. qRT-PCR was performed using a CFX Connect Real-Time PCR Detection Systems (Bio-Rad, Hercules, California, USA) according to the manufacturer's protocol. The reaction conditions included pre-denaturation (95°C, 60 s) and a twostep protocol {(95°C, 15 s; 60°C, 30 s) x 40}. The results were analyzed using a CFX Maestro (Bio-Rad). The level of specific mRNA was normalized to the level of elongation factor 1-α (EF-1α) mRNA. The primer sequences used for the amplifications are shown in Supporting Information Table S2 .
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